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Abstract 
     The equality between the spectral, directional emittance and absorptance of an object under 
local thermal equilibrium is known as Kirchhoff’s law of radiation. The breakdown of 
Kirchhoff’s law of radiation is physically allowed by breaking time-reversal symmetry and can 
open new opportunities for novel non-reciprocal light emitters and absorbers. Large anomalous 
Hall conductivity and angle recently observed in topological Weyl semimetals, particularly type-
I magnetic Weyl semimetals and type-II Weyl semimetals, are expected to create large non-
reciprocal electromagnetic wave propagation. In this work, we focus on type-I magnetic Weyl 
semimetals and show via modeling and simulation that non-reciprocal surface plasmons 
polaritons can result in pronounced non-reciprocity without an external magnetic field. The 
modeling in this work begins with a single pair of Weyl nodes, followed by a more realistic 
model with multiple paired Weyl nodes. Fermi-arc surface states are also taken into account 
through the surface conductivity. This work points to the promising applicability of topological 
Weyl semimetals for magneto-optical and energy applications.     
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Main text  
     Kirchhoff’s law of radiation establishes the equality between the spectral, directional 
absorptance 𝛼(𝜆, 𝐬) and the spectral, directional emittance 𝜖(𝜆, 𝐬) of an object in local thermal 
equilibrium, i.e., 𝛼(𝜆, 𝐬) = 𝜖(𝜆, 𝐬) , where 𝜆  and 𝐬  are the wavelength and the direction of 
incoming and outgoing radiation, respectively. Fundamentally, Kirchhoff’s law of radiation 
underlies the theoretical efficiency limit in radiative energy conversion since converting 
absorbed incoming radiation into another form of energy, such as electricity or heat, always 
entails the outgoing emission at the same wavelength in the same direction from the object, 
which causes an intrinsic loss1–3. It has been argued2,4,5 that Kirchhoff’s law of radiation is not a 
required condition for the validity of the second law of thermodynamics in systems that 
exchange radiative energy, but rather a result of the Lorentz reciprocity theorem in which the 
only assumptions are a linear constitutive relation and symmetric permittivity and permeability 
tensors6,7. Thus, the violation of Kirchhoff’s law of radiation, i.e., non-reciprocity in the spectral, 
directional absorptance and emittance, is physically allowed, and its realization can open new 
opportunities for novel light emitters and absorbers for a wide range of radiative applications 
including solar photovoltaics, thermo-photovoltaics, and antennas1,8. 
     Non-reciprocity in a medium often arises due to non-zero anti-symmetric off-diagonal 
elements of the dielectric tensor of the medium, which creates non-reciprocal electromagnetic 
modes9. One way to create the anti-symmetric off-diagonal elements is by inducing magnetic 
responses either by the Hall response under an external magnetic field or by spontaneous 
magnetization in materials, namely the anomalous Hall effect10. The anomalous Hall effect can 
originate from skew scattering and side-jump scattering due to impurities, collectively referred to 
as extrinsic mechanisms and/or the so-called intrinsic mechanism that is closely related to 
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geometrical properties of the electronic band structure, known as the Berry curvature. In fact, it 
is known that the anomalous Hall conductivity due to the intrinsic mechanism is given as the 
integration of the Berry curvature of the occupied Bloch states over the first Brillouin zone11.  
     In magneto-optics, the non-reciprocal transmission and reflection of light realized by 
magneto-optical materials has been widely studied in photonic and plasmonic devices for optical 
isolators, circulators, and sensing based on magneto-optical Faraday and Kerr effects9,12–17. In the 
context of thermal radiation, the nonreciprocity in directional spectral emittance and absorptance, 
or equivalently the violation of Kirchhoff’s law of radiation, has been predicted by coupling the 
incident light to non-reciprocal modes created by a magneto-optical material, indium arsenide 
(InAs), under an external magnetic field of 3 T2 and 0.3 T18. From a practical point of view, 
however, large non-reciprocity in the emission and absorption spectra without the necessity of 
external magnetic field is of great interest. However, conventional ferromagnets such as nickel 
possess a small anomalous Hall angle, and thus the non-reciprocity remains small19. 
     Recently, a class of materials called Weyl semimetals has attracted significant attention20–22. 
The linear bulk electronic bands around a paired band-crossing points called Weyl nodes near the 
Fermi energy makes the low-lying excitations behave as relativistic Weyl fermions. Moreover, 
Weyl semimetals host topologically protected Fermi arc surface states connecting the projection 
between the paired Weyl nodes. The annihilation of Weyl nodes only occurs by meeting these 
Weyl nodes with different chiral charges in the momentum space, yet their separation is 
protected as long as either time-reversal symmetry (magnetic Weyl semimetals) or spatial 
inversion symmetry (non-centrosymmetric Weyl semimetals), or both, is broken. Non-
centrosymmetric Weyl semimetals have shown potential for optoelectronics applications, e.g., 
large second-order polarizability for non-linear optics23, large bulk photovoltaic effect for 
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sensing and energy harvesting24, and the quantized photogalvanic effect25. For non-reciprocal 
optical responses, however, magnetic Weyl semimetals are of more interest due to nonvanishing 
integrated Berry curvature of occupied electron states. Moreover, the Weyl nodes are the 
singular points of the Berry curvature around which the Berry curvature becomes large. This 
results in a fascinating phenomenon observed in both ferromagnetic and antiferromagnetic Weyl 
semimetals: the large anomalous Hall effect26–30. It is known that conventional ferromagnets 
such as iron and nickel possess large anomalous Hall conductivity 𝜎*+,~	101	Ω34cm34  but 
small anomalous Hall angle 𝜎*+,/𝜎~1031 , where 𝜎  is the longitudinal conductivity31. In 
contrast, both large anomalous Hall conductivity and large anomalous Hall angle ranging from 
0.01-0.38 were observed in ferromagnetic and antiferromagnetic Weyl semimetals26–28. The large 
anomalous Hall angle can be a key to achieve large non-reciprocal optical response since the 
energy difference of the two surface plasmon modes with opposite propagation direction, as we 
will discuss more in this work, is proportional to the ratio of off-diagonal to diagonal elements of 
the dielectric tensor, which can be interpreted as the anomalous Hall angle at finite frequency. 
Therefore, the large Hall angle of Weyl semimetals is expected to be large even at finite 
frequency and can create large non-reciprocal wave propagation32.     
      In this work, with an effective model that describes the optical response of both bulk Weyl 
fermions and surface Fermi arc states connecting a paired Weyl nodes, we show that a class of 
magnetic Weyl semimetals can be a promising material for non-reciprocal light emitters and 
absorbers due to its large anomalous Hall effect. Particularly, we show that Kirchhoff’s law of 
radiation can be appreciably broken without an external magnetic field.  
     Several models of the dielectric tensor of type-I Weyl semimetals have been proposed. The 
approach in32,33 is based on the constitutive relation of the electric displacement field that 
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includes two additional terms describing the anomalous Hall current and the chiral magnetic 
effect, both of which contribute to off-diagonal elements of the dielectric tensor33,34. Both effects 
are the manifestations of the chiral anomaly, i.e., non-conservation of the chiral current, and are 
described by the axion term in the electromagnetic field action35. The Weyl node separation in 
the momentum space is effectively a magnetic field in momentum space acting on electrons and 
induces the off-diagonal element 𝜎*+,(𝜔)/𝜔 = 2𝑖𝑒<|𝐛|/𝜋ℏ𝜔, where ±𝐛 is the locations of the 
Weyl nodes in the momentum space. Although this expression is derived for the Fermi energy 
located at the Weyl node, this intrinsic contribution dominates over the extrinsic contribution as 
long as the Fermi energy is small enough so two Fermi surfaces of two Weyl nodes do not 
merge36. For the diagonal terms, the one-band model that only describes the intra-band 
contribution33 as well as the two-band model that includes the inter-band transition32 was 
proposed. Recently, the dielectric tensor of non-centrosymmetric Weyl semimetals TaAs and 
NbAs, was also calculated from a first-principles approach based on density functional theory37 
and showed good agreements with experiments38,39. The dielectric tensor is also studied with the 
Kubo formula for effective Weyl Hamiltonians40,41. In this work, our modeling of the local 
dielectric tensor of a type-I magnetic Weyl semimetal is based on the work40 in which the optical 
conductivity is calculated using the Kubo formula for an effective Hamiltonian that describes 
two connected Weyl cones42,43 𝐻(𝐤) = (𝑘E< + 𝑘G< − 𝑚<)/2𝑏𝜎KE + 𝑘G𝜎KG + 𝑘L𝜎KL, where 𝜎KM (i = x, y, 
z) are the Pauli matrices and m is the control parameter of the effective Hamiltonian, and we let 𝑚 = 𝑏<. The quadratic terms are introduced in order to connect the two Weyl cones. The model 
gives the bulk optical conductivity that includes both intra-band and inter-band transitions of 
bulk Weyl fermions and the surface conductivity that includes the surface-to-surface and surface-
to-bulk transitions due to the Fermi arc surface states. The electronic band dispersion on the 
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surface 𝑘L = 0 of the effective Hamiltonian and the projection of it on the 𝑘E axis (setting 𝑘G =𝑘L = 0) at Fermi energies of 𝐸O = 60 meV and 𝐸O = 100 meV above the Weyl nodes are shown 
in Fig. 1 (a) and (b), respectively. Although the effective Hamiltonian that contains quadratic 
terms in all directions is more general, we only consider the quadratic terms in 𝑘E< and 𝑘G< as they 
already capture the essential physics. The bulk dielectric tensor from a single pair of Weyl nodes 
when the Weyl node separation is in kx-direction is written as: 
𝜀̂(𝜔) = R𝜀EE(𝜔) 0 00 𝜀GG(𝜔) 𝑖𝑔0 −𝑖𝑔 𝜀LL(𝜔)T , (1)  
where the diagonal terms are related to the bulk optical conductivity 𝜎(𝜔) via 𝜀UU(𝜔) = 𝜀V +MWXX(Y)Z[Y 	(	𝑛 = 𝑥, 𝑦, 𝑧) and 𝑔 = 𝜎GL(𝜔)/𝜀`𝜔 is the contribution from the anomalous Hall effect. 𝜀V is the background dielectric constant that accounts for contributions from free carriers in other 
bands as well as dielectric response at high frequencies. 𝜀` is the vacuum permittivity. We take 𝜀V=10, but our results have little to do with this choice. In calculations of the dielectric tensor, 
we set the temperature to T=0 K throughout our calculation to maintain a closed-form expression 
for dielectric tensor40; The incorporation of the temperature dependence is straightforward.  
     Weyl semimetals possess topologically-protected Fermi arc surface states. In our model, the 
eigenstates of the Fermi arc states can be analytically calculated, and their optical responses due 
to the surface-to-surface and surface-to-bulk transitions are represented in the surface 
conductivity tensor 𝜎Ka(𝜔), which has a similar structure to the bulk dielectric tensor. In our 
optical simulation, we model the presence of the Fermi arc states as the existence of surface 
charge and surface current, which is directly incorporated in the electromagnetic interface 
conditions. For the anomalous Hall effect term 𝑔, the effective Hamiltonian only accounts for the 
contribution from the vicinity of the Weyl nodes, which may be considered as an  
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Figure 1: (a) Electronic band structure of the effective Hamiltonian on the surface of 𝑘L=0, and (b) at the 
projection to the 𝑘G = 𝑘L = 0 plane. The occupied electron states are illustrated in the solid blue region. (c and 
d) Real and (e and f) imaginary parts of local dielectric tensor and surface optical conductivity of the magnetic 
Weyl semimetal modeled by the effective Hamiltonian for EF=60 meV. The Fermi velocity, the Weyl node 
separation, and the dissipative loss are 𝑣O = 1.0 × 10e	m/s and 2𝑏 = 0.45Å, and 𝛾 = 1.5meV, respectively.  
 
underestimation of the anomalous Hall conductivity since the larger contribution to the 
anomalous Hall conductivity can originate from nodal lines far from the Weyl nodes, as 
observed in some ferromagnetic Weyl semimetals such as Co2Sn2S227.  
     In the dielectric tensor model, five parameters (𝐛 , 𝑣O , 𝐸O , and 𝛾V , and 𝛾m ) need to be 
determined. To reasonably select the parameters, we take relevant values from the literature. We 
consider two Fermi energies above the Weyl nodes: 𝐸O = 60	meV and 𝐸O = 100meV. We set 
the Fermi velocity to be 𝑣O＝1.0 × 10e m/s, which is in the range of theoretically and 
experimentally determined values in ferromagnetic Weyl semimetals including 
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Co3Sn2S226,27(𝑣O~1.3 × 10em/s), Co2MnGa (𝑣O~1.2 × 10pm/s)44, Y2Ir2O7 (2 × 10em/s)[41], 
and Eu2Ir2O7 (4 × 10em/s)46. We choose the Weyl node separation	2𝑏 = 0.45Å34, also close to 
the separations observed in the above materials. With these parameters, the electronic band 
structure on the 𝑘E axis (𝑘G = 𝑘L = 0) is shown in Fig.1 (b) for the two Fermi energies. At 𝐸O =60	meV, the Fermi surface consists of two separate surfaces, each of which enclosing a single 
Weyl node. In this case, the intrinsic mechanism of anomalous Hall conductivity (DC limit) has 
been shown to dominate36 and 𝜎*+, = 2𝑒<|𝐛|/𝜋ℏ is good approximation. At Fermi energy 𝐸O =100	meV, the Fermi surface merges into one sheet across the two Weyl nodes and the anomalous 
Hall conductivity decreases drastically at low frequencies (Supplementary Information 1). The 
dissipative loss of bulk Weyl fermions 𝛾V  and surface Fermi arc states 𝛾m , which is formally 
given as the imaginary part of the electron self-energy, is less straightforward to obtain. In our 
model of the dielectric tensor, we set 𝛾 = 𝛾V = 𝛾m = 1.5	meV and 𝛾 = 𝛾V = 𝛾m = 4.2	meV for 𝐸O = 60	meV  and 𝐸O = 100	meV , respectively. Taking these representative parameters, we 
study the optical responses of magnetic Weyl semimetals.  
     Figure 1 (c-f) show the real and imaginary parts of the bulk dielectric tensor and surface 
conductivity tensor elements from a pair of Weyl nodes in the medium. The Fermi energy is 60 
meV. Those for 𝐸O = 100	meV are shown in Supplementary Information 2. The real parts of the 
dielectric tensor elements have peaks at the onset of the inter-band transition, 𝐸 = 2𝐸O, and the 
imaginary parts become large around this onset frequency due to the absorption of light. At low 
frequencies, the contributions from the intra-band transition dominate, and the dielectric tensors 
show Drude-like responses. The surface conductivity elements are normalized by 𝑒</ℎ. As we 
will show later, the existence of Fermi arc surface states can create additional channels for light 
absorption and can alter the dispersion relation of surface plasmons due to bulk Weyl fermions. 
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The dispersion relation of Fermi arc surface plasmons and their coupling to bulk plasmons have 
been studied previously 47–50. 
     In an optically-thick system where no fraction of incident light transmits through and only 
zeroth-order diffraction exists, the violation of Kirchhoff’s law of radiation 𝛼(𝜆, 𝐬) ≠ 𝜖(𝜆, 𝐬) is 
also equivalent to the non-reciprocity in absorption (and reflection) from two axisymmetric 
direction 𝛼(𝜆, 𝐬) ≠ 𝛼(𝜆, −𝐬). Therefore, we design a structure that diffracts only zeroth-order 
mode and show the non-reciprocity in spectral absorptance for two incident angles that only 
differ in sign to discuss the breakdown of Kirchhoff’s law of radiation. Especially, we design a 
structure that supports non-reciprocal surface plasmon polaritons (SPPs) at the interface of a 
dielectric and a magnetic Weyl semimetal. We consider a structure made of a low-loss dielectric 
grating with a nondispersive and isotropic dielectric constant 	𝜀s = 10 + 𝑖0.01  on top of a 
magnetic type-I Weyl semimetal as shown in Fig. 2. The entire structure is in air. It is known that 
a non-reciprocal SPP mode exists in the Voigt configuration, where the spontaneous 
magnetization or external magnetic field in the x-direction is perpendicular to the direction of 
SPP propagation in the y-direction33,51. Thus, we consider the crystal orientation of the magnetic 
Weyl semimetal where the direction of the spontaneous magnetization, which is almost parallel 
to the Weyl node separation direction, is in parallel to the surface in the x-direction. We focus on 
p-polarized light (magnetic field pointing the x-direction) as only it excites SPPs. Inside the bulk 
of Weyl semimetal, however, all components of the electromagnetic fields can be non-zero. By 
extending the dispersion relation of the SPPs with a uniaxial dielectric tensor as discussed in51 to 
the biaxial dielectric tensor, we obtain the dispersion relation of SPPs as: 
𝜀s(𝑞< − 𝜀LL𝑘<`) + 𝑔𝑞𝛾` + 𝜀LL𝛾4𝛾` = 0 (2)		 
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Figure 2: Optical grating structure made of a low-loss dielectric with 𝜀s = 10 + 𝑖0.01 on top of a semi-infinite 
magnetic Weyl semimetal with its Weyl node separation 2𝐛 in the kx-direction. The period, width, height, and 
thickness of the gratings are Λ, 𝑤, ℎ, and 𝑡, respectively. The light is incident at angle 𝜃 and p-polarized (the 
magnetic field is along the x-direction).   
 
where 𝜀s  is the dielectric constant of the dielectric, 𝛾<` = 𝑞< − 𝜀s𝑘<`  and 𝛾4< = 𝜀LL/𝜀GG𝑞< −y𝜀GG𝜀LL − 𝑔<z𝑘<`/𝜀LL are the perpendicular components of the wavevectors in the dielectric and 
the Weyl semimetal, respectively. 𝑘`  is the wavevector in vacuum. The dispersion relation 
contains a term proportional to q, which creates the non-reciprocal propagation. Clearly, in the 
absence of the anomalous Hall effect (𝑔 = 0) the dispersion is quadratic in q, replenishing the 
reciprocity. In the limit |𝑞| ≫ 𝑘` , the dispersion relation can approximately be written as |𝜀GG(𝜔)| ± 𝑔 − 𝜀s = 0. Therefore, the energy separation of the two counter-propagating SPPs is 
wider as the ratio Re[𝑔]/|𝜀GG(𝜔)| becomes large. At low frequency range where 𝜀V  is small 
compared to the intra-band contribution, then the ratio above is interpreted as the anomalous Hall 
angle at finite frequency. Since the largely separated frequencies of the two non-reciprocal SPPs 
in the limit |𝑞| ≫ 𝑘` will give larger frequency window in which the two SPP branches have 
well-separated propagation constants, materials with a large Re[𝑔]/|𝜀GG(𝜔)|  are suitable to 
achieve near complete violation of Kirchhoff’s law of radiation without an external magnetic 
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field. The dispersion relations of the bulk plasmons propagating in the y-direction in the Weyl 
semimetal are given by: 
𝜀 = 𝜀EE, 					𝜀 = (𝜀GG𝜀LL − 𝑔<)/(cos< 𝜃 𝜀LL + sin< 𝜃 𝜀GG) (3)		 
where 𝜀 and 𝜀 are the ordinary and extraordinary modes, respectively.       
     First, we consider the case of a prototypical Weyl semimetal that possesses a single pair of 
Weyl nodes. Figure 3 (a) shows the dispersion relations of the SPPs at the interface of the 
dielectric and such a Weyl semimetal, as well as those of the bulk plasmons (blue-shaded region) 
with respect to the effective refractive mode index 𝑛, defined as 𝑞 = 𝑛𝑘`,	where 𝑞 is the 
wavevector along the propagation direction. The Fermi energy is 60 meV. Note that this 
dispersion relation does not include the Fermi arc surface state and the dispersion relation of 
SPPs is calculated assuming no dissipative loss. At low frequencies, the effective refractive 
mode index is close to the light line of the dielectric (Re𝑛~Re[𝜀s]~3.16). At frequencies 
above 𝐸/𝐸O ~ 0.35, or equivalently ~5 THz, the two SPP modes start to show non-reciprocity, 
and SPPs propagating in the negative y-direction continue to be supported at higher energy until 
it merges with the extraordinary bulk plasmon mode (leaky mode). The green lines are the 
dispersion of the grating equation	𝑛 = sin𝜃 + 𝑚𝜆/Λ at the incident angles of 𝜃 = ±60° and 
the diffracting orders of 𝑚 = ±1 for the case of Λ = 20	𝜇𝑚, respectively. As seen, we expect 
that the SPPs excitation occurs at around 𝐸/𝐸O ~0.37 and 0.41 for 𝜃 = +60°  and −60° , 
respectively. In reality, the frequencies will shift due to the imaginary parts of the bulk dielectric 
tensor elements. By tuning the height and thickness of the grating ℎ and 𝑡, we can design the 
structure to achieve complete absorption at the incident angle of 𝜃 = −60° as shown in Fig. 3 (b). 
The spectral absorptance for the angle of incidence 𝜃 = 60° still shows high absorptance of ~ 0.8 
at a lower frequency by Δ𝐸~0.03𝐸O due to the non-reciprocal SPPs. The geometrical parameters  
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Figure 3: (a and c) Dispersion relation of SPPs for the angles of incidence 𝜃 = −60° (blue) and 𝜃 = +60° 
(red), respectively. The dispersion of the grating for the diffracting order 𝑚 = ±1 (green) as well as that of 
bulk plasmons (blude region) are shown. With the shared y-axis, spectral absorptance of the semi-infinite Weyl 
semimetal for the incident angle 𝜃 = ±60° is shown. (b and d) Spectral absorptance of the grating structure 
with (solid line) and without (dashed line) the presence of the Fermi arc states for the incident angles of 𝜃 =±60°. The upper (a and b) and lower (c and d) panels are for EF= 60 meV and EF=100 meV, respectively. The 
geometrical parameters of the grating structure are (b): Λ = 20𝜇𝑚,	𝑤 = Λ/2, ℎ = 1.6𝜇𝑚, 𝑡 = 3𝜇𝑚, (d) Λ =5.9	𝜇𝑚,	𝑤 = Λ/2, ℎ = 0.95	𝜇𝑚, 𝑡 = 1.2	𝜇𝑚.  
 
of the structure are stated in the caption of Fig. 3. As shown, the Weyl semimetal exhibits large 
non-reciprocity without an external magnetic field. Moreover, since the structure only supports 
the zeroth-order diffraction, is semi-infinite, and no light transmits through the system, the 
difference in the spectral absorptance is equivalent to the difference in the reflectance, thereby 
violating Kirchhoff’s law of radiation2. One may expect even larger non-reciprocity at 
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frequencies above 𝐸/𝐸O ~ 0.4, as the dispersion relation predicts unidirectional propagation of 
SPPs. However, the Weyl semimetal becomes absorptive due to the bulk plasmons at those 
frequencies as shown in Fig. 3 (a), and the absorption peaks from non-reciprocal SPP modes are 
inundated in the high bulk absorptance. Thus, we must design the structure at the frequencies 
where the non-reciprocal propagation is evident, yet the Weyl semimetal is not lossy. Similarly, 
the non-reciprocal absorption spectra can be achieved at the Fermi energy of 100 meV as shown 
in Fig. 3 (c) and (d) with the larger peak separation Δ𝐸~0.04𝐸O. For both cases, the large non-
reciprocity without external magnetic field is due to the occurrence of the coupling to the SPP 
modes at the frequency range where the ratio remains large: Re[𝑔]/Re[𝜀GG]~0.6. At lower 
frequencies, the Weyl semimetal becomes more reflective, which is favorable for achieving 
resonant absorption with high quality factor, but the non-reciprocity becomes small as Re[𝑔]/Re[𝜀GG] is small. On the other hand, at higher frequencies, the non-reciprocity becomes large, 
but the Weyl semimetal becomes lossy, thereby the two absorption peaks overlap over a wide 
range of frequencies. As a consequence, one needs to find the optimized condition at the 
frequency region in between the two.  
     Next, we include the Fermi arc surface states in our simulation. The Fermi arc surface states 
exist for the parallel wavevector component 𝑘E< + 𝑘G< ≤ 𝑏<. Since the propagation constant of 
non-reciprocal SPPs is 𝑞 = 𝑛𝑘`~10e − 10	m34 , the Fermi arc surface states can be 
simultaneously supported by the structure and will alter the behavior of SPPs. In our optical 
simulation, we incorporate the effects of the Fermi arc states via the interface conditions of the 
electromagnetic field (Supplementary Information 3). The finite surface conductivity tensor due 
to the existence of the Fermi arc surface states creates surface charge as well as surface current 
components parallel to the surface, thereby making the tangential components of magnetic fields 
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no longer continuous.  Specifically, the magnetic field components 𝐻E  and 𝐻G  jump by the 
amount of the surface current components parallel to the surface 𝑖,Ea = 𝜎EM𝐸M and  𝑖,Ga = 𝜎GM𝐸M. 
Moreover, the surface current component normal to the surface 𝑖,La = 𝜎LM𝐸M is finite due to non-
zero 𝜎LGa  and 𝜎LLa , which creates dipole moments normal to the surface. As a result, the tangential 
components of electric field 𝐸E and 𝐸G also jump by the spatial derivative of the normal surface 
current𝑖/𝜀`𝜔𝜕/𝜕𝑥𝑖,La  and 𝑖/𝜀`𝜔𝜕/𝜕𝑦𝑖,La 	. As shown in Fig. 3 (b) and (d), the presence of the 
Fermi arc surface states broadens the spectral absorptance peaks due to additional absorption 
channels and also slightly red-shifts the absorption peaks. The shift of absorption peak is more 
prominent at lower Fermi energy. 
     Finally, we consider a more realistic case in which a Weyl semimetal possesses multiple 
Weyl nodes. Previously, multiple paired Weyl nodes were modeled by simply multiplying the 
diagonal components of the optical conductivity tensor of a single Weyl cone by the number of 
Weyl cones, while keeping the anomalous Hall conductivity the same as the contribution from 
single Weyl pair 32. In realistic Weyl semimetals, multiple pairs of Weyl nodes are not oriented 
in the same direction. In this work, we include relative orientations of Weyl node pairs in the 
model of bulk and surface conductivity tensors to investigate their effects on the dielectric 
response and the spectral absorptance. As a representative material for taking account for relative 
orientation of Weyl node pairs, we consider half-metallic Heusler ferromagnet Co3Sn2S2 and its 
relative orientation of Weyl nodes. There are a total six Weyl nodes in this material and it is 
numerically found that a Weyl node is located at (0.360922,−0.059795,−0.059809) 27 in 
terms of fractional coordinates of the rhombohedral reciprocal structure. The locations of the 
other five Weyl nodes can be determined by C3 rotational symmetry and inversion symmetry as 
shown in Fig. 4 (a). By transforming to the orthonormal coordinates where one of the pair of  
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Figure 4: (a) Bulk Brillouin zone of rhombohedral cell and six Weyl nodes with positive and negative chirality. 
One of the pair of Weyl nodes is aligned along kx-axis. Comparison of (b) diagonal and (c) off-diagonal 
elements of dielectric tensor with and without the consideration of relative orientation of Weyl node pairs for 
EF=60 meV. Spectral absorptance of the grating structure on the Weyl semimetal with three oriented Weyl 
node pairs with (solid line) and without (dashed line) the presence of the Fermi arc states for the incident 
angles of 𝜃 = ±60°. The Fermi energies are (d) 60 meV and (e) 100 meV, respectively. The geometrical 
parameters of the grating structure are (d): Λ = 15𝜇𝑚 , 	𝑤 = Λ/2 , ℎ = 1.5𝜇𝑚 , 𝑡 = 2.8𝜇𝑚 , (e): Λ =5.3𝜇𝑚,	𝑤 = Λ/2, ℎ = 0.7𝜇𝑚, 𝑡 = 1.0𝜇𝑚. 
 
Weyl nodes is aligned with kx-axis, we can represent the other two Weyl nodes in the 
orthonormal coordinate via rotation (Supplementary Information 4). As a result, we model the 
total bulk dielectric tensor as the summation of the contributions from the three oriented Weyl 
pairs: 	𝜀̂(𝜔) = 𝜀V𝐼	1 	+ 	𝜀̂G(𝜔) + R<𝜀̂G(𝜔)(R<) + R1𝜀̂G(𝜔)(R1) , where 𝐼1  is the 
identity matrix and 𝜀̂G is the dielectric tensor of a single Weyl node pair given in Eq. (1) and 
+ - kx
(a) (b) (c)
q = -60oq = +60o
(d) (e) EF = 100 meVEF = 60 meV
q = -60oq = +60o
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R2 and R3 are the matrices that transform the other two pairs of Weyl nodes. Note that all the 
elements of the total dielectric tensor in this model are non-zero, thereby we must include all 
electric and magnetic field components in the interface conditions. Figure 4 (b) and (c) show the 
comparison of the diagonal (yy) and off-diagonal (yz) components of the dielectric tensor in our 
model and those elements obtained by the simple multiplication, i.e., 𝜀̂(𝜔) = 𝜀V𝐼	1 + 3𝜀̂G(𝜔). 
It can be seen that the diagonal elements are not affected by the different orientation of Weyl 
node pairs while the off-diagonal elements can result in an overestimation if one uses the simple 
multiplication. The surface conductivity tensor is also modeled in a similar manner. All tensor 
elements in our model are shown in Section 4 of the Supplementary Information. Figure 4 (d) 
and (e) show the absorption spectra for EF= 60 meV and EF=100 meV, respectively, and both 
figures show the comparison between the cases with and without the presence of the Fermi arc 
surface states. The structure can be designed so it exhibits resonant absorption peaks, and even in 
realistic materials the non-reciprocity is still appreciable. Therefore, we expect that the non-
reciprocity can be experimentally observed in realistic magnetic Weyl semimetals. Moreover, 
taking into account the contributions to the anomalous Hall conductivity not only from the 
vicinity of the Weyl node pairs as in our model but also from the entire Brillouin zone can lead 
to more prominent non-reciprocity.  
     In this work, we assumed the zero temperature for the modeling of the dielectric and surface 
conductivity tensors, but we note that there could exist quantitative differences at higher 
temperatures. In fact, at higher temperatures, the longitudinal conductivity decreases due to 
stronger scattering, while the anomalous Hall conductivity remains almost the same, leading to 
the peak Hall angle, which may favor large non-reciprocity. However, the dissipative loss also 
becomes larger at higher temperatures and design of the structure accounting for the two 
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competing effects will be required. Finally, although the transition to magnetic Weyl semimetal 
phases occurs at low temperature in some ferromagnetic Weyl semimetals, such as Co3Sn2S2 
(𝑇 = 170	K )26,52 and Eu2I2O7 (𝑇 = 110	K ), and may not be suitable for high temperature 
applications, other ferro- and ferrimagnetic Weyl semimetals such as Ti2MnAl53 and 
Co2MnGa44,54 possess Curie temperatures over 650K, which would be more suitable for 
applications above room temperature.     
     In summary, our modeling shows that a class of type-I magnetic Weyl semimetals can exhibit 
large non-reciprocal emission and absorption spectra of radiation, enabling the breakdown 
Kirchhoff’s law of radiation without applying external magnetic field. We illustrate that large 
non-reciprocity and high background absorptance are competing effects in the design of non-
reciprocal resonant light emitters and absorbers. We also discuss the presence of Fermi arc 
surface states that broaden the absorption peak and slightly red-shifts the SPP dispersion, but the 
non-reciprocal absorption spectra are not affected much in the frequency range of our interest. 
The relative orientation of multiple Weyl node pairs is modeled, and we show that the off-
diagonal elements of the dielectric tensor can be affected. Since this can change SPP dispersion, 
the consideration will be required when one designs a structure to achieve the absorption at the 
desired frequency. Finally, our study points out the possibility of using magnetic Weyl 
semimetals for novel non-reciprocal light emitters and absorbers.                     
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